The effects of sulfur poisoning on the water-gas shift (WGS) activity of industrial Cu/ZnO/Al 2 O 3 catalyst bodies have been studied. The samples were characterized using chemical imaging methods, including XRD-CT, XAFS mapping, and XRF, in order to understand the process by which accelerated sulfur poisoning leads to catalyst deactivation. After $90 h on stream, all catalysts exhibited reduced activity; the higher the H 2 S concentration, the greater the extent of deactivation. Non-invasive XRD-CT measurements performed on intact samples recovered from the reactor revealed the formation of sulfide phases, including sphalerite (b-ZnS) and crystalline CuS, Cu 2 S, and CuSO 4 phases. These sulfide phases were distributed predominantly as a graduated corona around the sample edge reaching $1.5 mm thick for experiments performed in the highest concentration of 500 ppm H 2 S. XAFS mapping, which is particularly sensitive to the local coordination environment around the element being probed, confirmed the presence of mixed Cu/Zn-O/S coordination environments and that the core of the sample remained sulfur-free. A combination of XRD-CT and XRF revealed that CuS appeared to be mobile under reaction conditions resulting in the redistribution of Cu toward the very edge of the samples. A combination of techniques has therefore demonstrated that H 2 S deactivation of Cu/ZnO/Al 2 O 3 catalyst bodies occurs via phase transformation of the active Cu/ZnO phase into sulfides and redistribution of these components over the sample instead of Cu active site poisoning by S ads species.
Introduction
Catalyst deactivation by poisoning, in particular by sulfur (S), is a common problem for a wide range of catalytic processes [1] [2] [3] [4] . Examples include the majority of petrochemical processes, methanol synthesis, steam reforming, and selective hydrogenation/dehydrogenations. Such a deactivation is a major problem for the catalyst, resulting in a loss in activity and/or selectivity leading to reduced catalyst lifetimes and increased production costs [4, 5] . Strategies to reduce the impact of sulfur poisons typically involve their prior extraction from the process stream via scrubbing. This either involves their adsorption onto a high surface reactive support (e.g., ZnO) or processing with physical and/or chemical solvents [6] . Such technologies are, however, limited in their capacity (even the leading technologies do not completely eliminate sulfur), resulting in variable levels of sulfur-containing poisons passing through the catalytic process, which operates downstream.
There is clearly an economic advantage to be realized by the utilization of catalysts with increased resistance to deactivation by sulfur poisoning. This will become more important as the chemical industry moves from relatively clean feeds, such as natural gas and crude oil, to alternative feedstocks, such as bitumen tars and some forms of biomass [7] . Such ''advantaged'' feedstocks are sometimes characterized by higher sulfur levels [8] . Detailed compositions vary with feedstock and from location to location, but some examples of commercially important feedstocks can contain between 1% and 5% sulfur. Catalysts with the ability to resist deactivation and operate in the presence of higher levels of poisons will be required to realize the potential of these new feedstocks [9] .
Cu/ZnO catalysts represent the industrial standard for the production of methanol but have also found use in the water-gas shift (WGS) reaction, methanol steam reforming, and methanol decomposition [10] [11] [12] [13] [14] . However, they are particularly susceptible to Spoisoning. It is thought that sulfur, in the form of either H 2 S or other sulfur compounds, accumulates on Cu-based catalysts leading to blocking of the active site [12, 15] . A second problem is that in addition to its structural/catalytic role in Cu/ZnO catalysts, ZnO is also employed as a sulfur trap via the formation of ZnS; it has also been shown that sulfur adsorption is even promoted in the presence of Cu [15] . Higher ZnO content in the catalyst has also been shown to improve S-poisoning tolerance [16, 17] . There are two forms of ZnS, namely wurtzite (a-ZnS) and sphalerite (bZnS), and both forms are observed in discharged plant samples, although b-ZnS is the more stable form below 1020°C [18] . Furthermore, Zn 3 O(SO 4 ) 2 and Cu 1.5 ZnSO 4 (OH) 3 have also been found in deactivated catalysts, indicating that in a commercial reactor, the gas phase is less reducing near the reactor outlet, leading to the sulfate formation (we note, however, that it is not possible to rule out that the sulfate phase formed during a sample passivation process that is typically performed prior to catalyst extraction). In contrast, while some reports exist regarding the observation of CuS, Cu 2 S (either polymorph) and/or other members of the chalcocite group where Cu:S lies between 2 and 1 have not been unambiguously determined [19] [20] [21] . Surface studies have shown that initially S ad atoms form on Cu surfaces Cu(1 1 1/1 1 0) via the removal of chemisorbed oxygen, even at low temperatures [22] [23] [24] [25] .
In an industrial reactor, catalysts are used in pre-shaped forms, i.e., as millimeter-sized catalyst bodies [26] . As such, a study examining deactivation in real catalyst samples needs to consider the problem from a spatial perspective in order to assess quantitatively, macroscopic effects leading to catalyst deactivation, i.e., ''shell progressive,'' ''shrinking core,'' and ''pore mouth'' effects. To the best of our knowledge, such a spatially resolved systematic study on the S-poisoning of pre-shaped catalyst materials has not previously been performed or is available in the open literature. Therefore, this paper presents the results from a study using both invasive and non-invasive chemical imaging techniques in order to understand the process by which sulfur poisoning leads to a loss in catalytic activity of Cu/ZnO/Al 2 O 3 catalysts used in the WGS reaction. We demonstrate in particular how techniques, such as XRD-CT, revealed that these catalyst bodies deactivate via the solidstate transformation of the active Cu/ZnO phase(s) into the inactive copper and zinc sulfide phases, respectively [27] [28] [29] [30] .
Experimental
The experiments were performed at station ID15B of the European Synchrotron Research Facility (ESRF, Grenoble, France) using a monochromatic E = 86.88 keV (0.1427 Å) 100 lm square section pencil beam with diffracted X-rays recorded on a Pixium 4700 flat panel detector. Each 2D cross section was recorded at 43 translations spaced 100 lm across the body each with 30 rotations of 6°, this corresponding to 1290 measurements. Each diffraction pattern was recorded for 400 ms. Taking into consideration the dead time and stage movement time each slice was acquired in $600 s. The samples yielded powder ring data and these were radially integrated (using the datasqueeze software and LaB 6 as a calibrant) for each measurement performed [31] . For each observed intensity value (I OBS ) in these radially integrated patterns (i.e. for all 2h's) a sinogram was constructed and then back-projected to a 43 Â 43 pixel image. For N values of 2h, this yielded N real space reconstructed images. It follows that any vector perpendicular to such a stack of images will yield a reconstructed diffraction pattern corresponding to the selected volume element in the slice. This approach is illustrated in Fig. S1 in the Electronic Supplementary Information. Features were extracted from these reconstructed diffraction patterns that are presented herein. The processing and analysis of the considerable volume of diffraction data collected (over 50,000 diffraction patterns) required the development of dedicated high-throughput software [27] .
XRD/XAFS maps of a pre-bisected and microtomed cross section (100 lm thick) were recorded on the Dutch-Belgian beamline (DUBBLE; BM26A) at the ESRF [32] . The sample was mounted on an X-Z stage with a pinhole placed before the sample to create a 200 Â 200 lm square beam. The beam was then rastered across the sample by moving the X-Z stage in 200 lm steps across and down the sample and recording an XRD pattern and XAFS spectra at each point (pixel). Using an Si(1 1 1) double crystal monochromator, XRD data were collected at a wavelength of 1.40 Å, well below the Cu K-edge (1.38 Å) to avoid fluorescence effects. The Mythen detector was calibrated using a NBS silicon standard, and a 10-lm-thick Cu foil was used to calibrate the monochromator position (8979 eV). Both XRD and XAFS data were collected in transmission mode. A typical spectrum/pattern was collected more than a period of 3 min. The XAFS data were background-corrected using Athena (IFFEFIT software package) [33, 34] . The normalized data were k ) value of 0.9 was used for all datasets with the R-factor being used as a determinant for the best fit [35] . The EXAFS data (300 spectra) were analyzed in batch mode (using bespoke software) to extract details on the Cu-'O' and Zn-'O' bond distances [36] . A simplified model assuming only Cu/Zn-O scattering pairs was used to fit the multiple datasets whereby any increase in Cu/Zn-O distance was taken to correspond to the formation of a Cu/Zn-S bond, respectively. A Cu/Zn-O distance then of 2.20 Å from the EXAFS refinement actually corresponds to a Cu/Zn-S distance of $2.35 Å typical of either Cu/ZnS/Cu 2 S when Cu/Zn-S scattering pairs are considered in the EXAFS (note the bond distances for the 2 copper sulfides are too similar for EXAFS to be able to distinguish between them) [37, 38] . Using a Vegard relationship (Eq. (1)), it is possible to propose a percentage of Cu/ ZnO vs. Cu/ZnS [39] .
where R 1 = Cu/Zn(II)-O distance of 1.95 Å and where R 2 = Cu/Zn(I/ II)-O(S) distance of 2.20 Å. Note that only bond distances were extracted from the sample due to problems with the sample uniformity coupled with the multiphasic nature of the catalyst material under investigation would render this information less meaningful.
Cu/ZnO/Al 2 O 3 commercial catalysts comprising ZnO (25-35%), Al 2 O 3 (5-10%), synthetic graphite (1-5%), MgO (1--5%), and remainder CuO (45-68%) with a 5.5 mm diameter were used in this investigation. The fresh catalysts were loaded as received into a quartz tube (see Fig. S2 ). Each catalytic test experiment utilized 5 pellets loaded vertically into the reactor, separated by $2 mm ceramic spheres to help reduce bypass of the sample by the reactant gases. The samples were pre-treated in a 2% H 2 in N 2 gas mix flowing at 100 ml/min during a temperature ramp from 25 to 225°C at 0.5°C/min with a final dwell for 1 h.
Deactivation during the WGS reaction (Eq. (2)) was performed using 3 different concentrations of H 2 S; 200, 350, and 500 ppm (see Table 1 ). The concentrations of sulfur used were significantly higher than those encountered in a real industrial reactor but ideal for effecting accelerated sulfur poisoning. These experiments were performed at 175°C under equal concentrations of CO and CO 2 (4 ml/min), with 20 ml/min H 2 and 16% H 2 O using N 2 as a carrier gas. A repeat of the low H 2 S concentration (200 ppm) experiment was performed on a crushed pellet with a sieve fraction of between 212 and 425 lm.
On completion of the catalyst testing, samples were recovered from the reactor after first undergoing the following passivation procedure: initial switch at 175°C to 2% H 2 in N 2 gas mix flowing at 100 ml/min during cool down to 30°C and hold for 1 h. The composition was then changed to 0.5% O 2 , 1.5% H 2 in N 2 followed by a dwell for 1 h before the [O 2 ] was increased stepwise by 0.5% increments (with 1 h dwell times) up until 2% O 2 before finally being flushed with air.
Results

Catalytic testing
Catalytic testing of the WGS reaction performed at 175°C over the 5.5 mm-sized Cu/ZnO/Al 2 O 3 catalyst bodies demonstrated an increasing effect of H 2 S partial pressure on activity. The presence of H 2 S leads to a monotonous decrease in activity with timesee Fig. 1 . After 80 h time on stream (TOS) with 200 ppm H 2 S, the conversion of CO dropped to just above 30% CO conversion, whereas with 500 ppm H 2 S, the sample was almost completely deactivated; complete deactivation being achieved after 95 h. Higher [H 2 S] in the feed gas leads to faster deactivation. To determine the effect of catalyst form on the rate of deactivation, the same catalyst was also tested after crushing, using 200 ppm H 2 S. Higher overall CO conversion is seen for the crushed sample, probably due to reduced bypass in the packed bed reactor configuration. A similar reaction profile was observed with an initial drop in activity followed by a slower deactivation. Considering that the higher overall conversion for the crushed sample is probably due to reduced bypass, the rate of deactivation appeared very similar to that of the catalyst body tested under the same catalytic conditions. The similarity in the rate of deactivation for the catalyst body and the crushed sample treated with 200 ppm H 2 S suggested a similar deactivation mechanism involving an initial reaction of the H 2 S with the catalyst surface followed by a slow phase change caused by the reaction of H 2 S with the initial Cu/ZnO/Al 2 O 3 components.
XRD-computed tomography catalyst characterization
The data shown in Fig. 2 represent all of the summed XRD data recorded from an entire 2D cross section of the sample, acquired as depicted in Fig. S1 , after reduction in H 2 and after performing the WGS reaction in the presence of increasing amounts of H 2 S. The reduced sample, as expected, was dominated by contributions ascribable to metallic face-centered cubic In order to determine the spatial distribution of the phases present in the catalyst body samples, 2D intensity distribution maps were produced using the following ''diagnostic'' reflections: Cu(1 1 1), ZnO(0 0 2), CuO(1 1 1), CuS(1 0 3), Cu 2 S(1 0 2), and b-ZnS (1 1 1) , although the data are of sufficient quality that these maps could equally be produced by using a Rietveld phase scale factor [41] . The color maps show the distribution of the phases presented in the 1D plot and furthermore revealed changes in 2D spatial distribution with increasing [H 2 S]. The first key observations concern the phases initially present in the sample and their disappearance with increasing [H 2 S] in the feed. The metallic Cu phase lost intensity and began to shrink toward the core of the catalyst body, as illustrated in Fig. 3 [42] . The distribution of CuO(1 1 1) matches closely that of the metallic Cu phase although the intensity of this signal increased between 200 and 350 ppm before being observed at its weakest and smallest (in terms of spatial distribution) at 500 ppm. This increase in CuO content between 200 and 350 ppm [H 2 S] relative to the amount of metallic Cu is most likely caused by differences in the way in which the sample was oriented in the reactor which would affect H 2 S uptake and the passivation process. A similar distribution/intensity profile was seen for the ZnO response (although the profiled reflection comprises a contribution for both CuO(À1 1 1) and ZnO (1 0 1) ). Conversely then, the new phases that evolved possessed an inverse distribution (a broad shell around a core) to that of the initial phases with increasing [H 2 S]. With increasing [H 2 S], the shell of CuS and b-ZnS became thicker, concentrating further into the sample. Interestingly, the ''egg-white'' distribution (see Fig. S4 for an explanation) was itself non-uniform with greater signal intensity seen at the very periphery of the sample (termed an ''egg-shell'' distribution). Similarly, the Cu 2 S phase was very much concentrated at the periphery in an egg-shell arrangement.
Representative XRD data from the 3 regions from the Cu/ZnO/ Al 2 O 3 catalyst body reacted in the presence of 200 ppm H 2 S are given in Fig. 4 . The top XRD pattern contains the summation of all XRD patterns recorded at the core (egg-yolk) of the catalyst body, the middle pattern those recorded in the corona ''egg-white'' region and the bottom those recorded in the peripheral ''egg-shell'' region. As expected, the core XRD pattern contains components assignable to metallic Cu as well as CuO and ZnO; there was no evidence for the presence of sulfur-containing phases. The summed XRD pattern recorded over the egg-white region in contrast contains components due to mainly CuS and b-ZnS and with Cu 2 S being also present. Metallic Cu is not present or at least could not be clearly detected. It is important to note that due to extensive overlap of the reflections pertaining to the Cu/Zn sulfur-containing phases and those present for Cu/Zn oxides, it was not possible to rule out completely the presence of CuO/ZnO. At the periphery of the sample, the summed XRD pattern comprises a number of very sharp, well-defined reflections mostly due to Cu 2 S, CuS and b-ZnS and some evidence for CuSO 4 . The presence of very sharp, intense reflections in this region of the sample suggests a concentration of large crystalline particles, particular Cu containing species.
X-ray fluorescence chemical mapping
In order to obtain quantitative information on the concentration/distribution of the Cu, Zn, and S components in the sample, X-ray fluorescence (XRF) data were also recorded on a bisected section of the sample reacted in the presence of 200 ppm H 2 S. The results are shown in Fig. 5 . It is clear that Cu was present mostly in the core and at the very edge of the sample; conversely the egg-white region of the catalyst, where the sulfur content is greatest, contains the least amount of Cu. This suggests that Cu was highly mobile in the sample, particularly in the parts of the sample where the sulfur concentration is high. Zn, on the other hand, does not appear as mobile and its distribution remains essentially uniform although there is some evidence that the signal for Zn is slightly weaker toward the sample edge (egg-white region) and that Zn depletion also occurs.
X-ray absorption chemical mapping
XRD-CT was able to identify the distribution of crystalline components over the 2D cross section and that in combination with XRF chemical mapping was able to identify heterogeneities within the catalyst bodies. However, both techniques are insensitive to the presence of small amounts of adsorbed sulfur species on the surface of metallic Cu, which have previously been implicated in catalyst deactivation (via blocking of the active site) [24] . For this purpose, chemical maps on the basis of X-ray absorption spectroscopy on a quarter of a microtomed section of the Cu/ZnO/ Al 2 O 3 catalyst body treated with 200 ppm H 2 S were also measured. Alternate XRD/XAFS measurements were performed and the results obtained from an analysis of both datasets are given in Fig. 6 (Cu K-edge EXAFS) and in Figs. S5 (Zn K-edge EXAFS) and S7 (XRD). Starting with the XRD data the resultant 2D XRD phase distribution maps (Fig. S7 ) confirms the observations made using XRD-CT and XRF in which the CuO/ZnO phases are concentrated in the middle of the sample, whereas the sulfur-containing species (CuS, Cu 2 S, and ZnS) are concentrated toward the corona and periphery of the catalyst body. The results of the EXAFS fitting of the Cu and Zn K-edge data in the form of average bond distance are summarized in Figs. 6 and S5, respectively. The Cu bond distance is <2 Å at the core and >2.1 Å toward the edge consistent with the presence of CuO at the core and CuS at the edge of the catalyst body. No evidence could be found for Cu-Cu contributions in the sample at 2.54 Å. The coordination number is observed to decrease from between 3 and 3.5 ? 2 toward the edge of the catalyst body, consistent with the formation of Cu-S. For Zn-'O', the bond distance tends toward being >2.1 Å at the very edge of the catalyst body and between 1.90 and 2.0 Å toward the interior, consistent with a distribution of b-ZnS at the edge of the sample and with ZnO toward the core [43, 44] . Using the Vegard relationship (Eq. (1)), it is possible to display these date in the form of a phase composition map across the sample which illustrates the presence of Cu/Zn-S species some 0.6-0.8 mm in from the edge of the sample. Beyond that (moving toward the sample core), no sulfur species were detected. Thus, the XAFS maps appear very much in agreement with the XRD-CT and XRF data where the core of the catalyst body remained sulfur-free while the exterior became laden with sulfur-containing phases.
Discussion
The effects of the concentration of H 2 S in the feed on the WGS activity of commercial Cu/ZnO/Al 2 O 3 catalyst bodies have been examined and the intact spent catalysts have been characterized using ex situ XRD-CT, XAFS/XRD, and XRF chemical imaging methods to determine the effects of [H 2 S] on the catalyst structure. H 2 S is shown to have a significant effect on the WGS activity with increasing [H 2 S] leading to faster deactivation. This can be directly correlated with the formation of crystalline sulfur-containing phases. All samples exposed to H 2 S contained zones of sulfur-containing phases distributed from the sample periphery and heading inwards toward the sample center; the sulfur-containing phases concentrated in an egg-white distribution, while the un-sulfided Cu(O)/ZnO phases remained intact in the center of the sample (egg-yolk distributed). The width of the egg-white component grew with increasing [H 2 S], leading to a ''shrinking core'' of active Cu/ZnO, i.e., the size/extent of this zone decreased with increasing [H 2 S] (when reaction time was constant). We estimate that for the sample poisoned using 500 ppm H 2 S, >80% of the cylinder volume is converted into sulfide-containing phases. Both XRD-CT and XAFS mapping showed that the egg-white region contained a mixture of both sulfided and un-sulfided phases, including CuS, Cu 2 S and CuSO 4 and b-ZnS, respectively. Conversely, in the center of the sample (egg-yolk region), no evidence for the presence of sulfurcontaining phases could be found.
The sulfur-containing phases also exhibited different spatial distributions with XRD-CT revealing that Cu 2 S and CuSO 4 to be located predominantly at the very edge of the samples (more egg-shell like), whereas CuS and b-ZnS are more appropriately described as egg-white. However, within this egg-white distribution, it was clear that CuS and b-ZnS were concentrated mostly at the sample periphery. The presence of more sulfided material at the sample edge was unsurprising given the previously reported capacity of Cu/ZnO systems to act as H 2 S adsorbers [45] . The cause of this accumulation at the edge was, however, different for the two metals. For b-ZnS, the increased reflection intensity and FWHM of the (1 1 1) reflection in the egg-shell region in comparison with the egg-white region, as illustrated in Fig. S8 , were consistent with the consumption of ZnO to form b-ZnS followed by sintering. For Cu, however, the XRF chemical maps revealed a depletion of the Cu signal in the egg-white region and enrichment in the egg-shell region suggesting that, in addition to direct consumption of metallic Cu to form copper sulfide phases and sintering, migration must have also taken place. Based on CuS having a lower melting point (500°C) than Cu 2 S (1130°C), we propose that CuS species are the most likely candidates to exhibit mobility, migrating to the periphery under the hydrothermal conditions in which the WGS reaction was performed and that latterly Cu 2 S (and CuSO 4 ) formed as a result of thermal decomposition in an O 2 containing atmosphere during the passivation process as has been previously observed [46, 47] . The two copper sulfide phases present constitute the end members of the Chalcocite series of minerals (where Cu:S = 2-1) and through thermal decomposition CuS might normally be expected to yield Cu 1.8 S (Digenite) as an intermediate phase. The fact that this phase was not seen suggested that passivation was highly exothermic with temperatures at the sample periphery reaching in excess of 220°C [46, 48] . b-ZnS, by virtue of possessing a higher melting point (1185°C), is not mobile and hence the distribution of Zn as observed by XRF remained largely uniform. We then interpret the sulfur XRF chemical maps in terms of b-ZnS at the corona and unreacted ZnO in the center of the sample. The formation of sulfide phases at the sample edges appeared then highly detrimental to the catalytic activity since it appeared that the catalyst became inactive before all Cu/ ZnO had been sulfided. This suggested that the formation of Cu/ Zn sulfided phases may also affect catalyst porosity leading to inhibited diffusion via pore blocking by mobile sulfides or through destruction of the internal pore structure during the formation of the sulfide phases. The similarity of the deactivation profile seen for the smaller particles used in the crushed sample suggested that the mechanism of deactivation (formation of sulfides) was not affected by the type of flow-regime employed i.e. single-pelletstring or plug-flow reactor.
Concluding remarks
Industrial Cu/ZnO/Al 2 O 3 catalysts are unlikely to see anything like the amount of H 2 S used in this study; however, the tendency for Cu and Zn to adsorb S does mean that, over time, sulfide phases will accrue in much the same way as we observed here. In addition, while passivation is not a typical experience of an industrial catalyst, regeneration in air/oxygen is a similar yet more vigorous process that the catalyst experiences and thus the phase evolution, migration we observed may also occur in real samples. Ideally, future studies would be best performed in situ so as to decouple the stages of the initial and subsequent sulfide formation should effective strategies to combat S-poisoning result. As illustrated here, however, it is important to consider the spatial component when trying to determine the structure-activity relationships in real heterogeneous catalyst samples [49] [50] [51] [52] [53] [54] . The development and utilization of imaging methods are critical therefore for such purposes [55] . 
